Leaf rust, caused by Puccinia triticina, is the most common and widespread disease of common bread wheat in the United States and worldwide (20) . Yield losses in wheat caused by leaf rust occur on a yearly basis due to the regular occurrence of the disease and susceptible cultivars. Losses can vary from trace levels to over 20% depending on the stage of crop development when the initial infections occur and the relative resistance or susceptibility of the cultivar. In an early study, Caldwell et. al. (1) determined a range of yield losses from 15 to 28% due to leaf rust in susceptible soft red winter wheats. Most of the yield loss occurred due to a reduction in the number of kernels per head and by a reduction in kernel weight. In 1938, a leaf rust epidemic caused a 25 to 35% statewide yield loss in Oklahoma (2) . In test plots with hard red spring wheat cultivars in Minnesota in 2004, yield losses in resistant cultivars were less than 10%, while losses in susceptible cultivars varied from 10 to 36% (J. A. Kolmer, unpublished data) . In Kansas, from 1993 to 2005, losses due to leaf rust have averaged nearly 3.0%, ranging from 11.0% in 1993 to trace levels of loss in 1996 and 2002 (USDA-ARS Cereal Disease Laboratory website). Chester (2) used data from 68 studies that examined yield loss in wheat due to leaf rust and developed a predictive curve for yield loss based on the growth stage in which defoliation due to rust occurred. In Chester's model, losses ranged from 10% if defoliation occurred in the dough stage of kernel development to 95% if defoliation occurred in the jointing stage. Khan et al. (7) used rust severity data and yield data from southern soft red winter wheats to develop a yield loss model that predicted a 1% yield loss for every 1% increase in rust severity at the milky-ripe stage of kernel development.
Similar estimates have been obtained for leaf rust yield losses on a worldwide basis. CIMMYT (International Center for Wheat and Maize Improvement) estimated an average loss of 3.7% over a 10-year period for 22 developing countries (17) . Yield losses due to leaf rust have also occurred recently in durum wheats. In experiments conducted in Mexico, Herrera-Foessel et al. (4) estimated yield losses of 51 and 26%, respectively, for susceptible cultivars and cultivars with slow-rusting resistance to leaf rust. However, in general, yield losses averaged over large areas tend to be less than estimates obtained from experimental plots, since weather conditions, cultivar resistance, and frequency of fungicide applications can vary considerably over large wheat production areas.
In order to maintain high yields in wheat, it is essential to continually develop wheat cultivars that have effective resistance to leaf rust and other diseases. At CIMMYT, a benefit:cost ratio of 27:1 has been estimated for expenses related to development of wheat cultivars with leaf rust resistance (17) . CIMMYT also determined that investment in breeding for leaf rust resistance would still be recovered even if yield losses in areas with high wheat yields were 0.2 to 0.8%. The CIM-MYT economic study indicated that protecting wheat yield potential through maintaining adequate leaf rust resistance can be equal to or greater than progress in maximizing yield potential.
At present, more than 50 leaf rust resistance genes have been described in wheat (18) . Most of the genes condition racespecific resistance in a gene-for-gene relationship with P. triticina (21) . As a result of the race specificity of resistance genes, wheat cultivars often lose their effective resistance in a short period of time due to the selection and increase of races with virulence to the specific resistance genes. The frequency of P. triticina isolates with virulence to a specific resistance gene can increase from less than 5% to over 60% of the population within a few years. The highly dynamic nature of leaf rust races in North America caused by the constant use of wheat cultivars with specific resistance genes has resulted in a highly diverse population of P. triticina. On an annual basis, 40 to 50 races of leaf rust are described in the United States (15) . This high level of virulence diversity has made highly effective and long-lasting leaf rust resistance in wheat very difficult to achieve.
Virulence surveys of the wheat leaf rust fungus have been conducted by the USDA-ARS Cereal Disease Laboratory, formerly known as the Cereal Rust Laboratory, since 1978 to detect new virulence phenotypes and to monitor shifts of virulence phenotypes in the major wheat growing regions of the United States. Similar surveys have been done in Canada since 1931 (5, 8, 9) and in Mexico (22, 23) . In the United States (16) and Canada (10), data from leaf rust surveys have been used to characterize virulence, race dynamics, and phenotypic diversity within and between wheat growing regions. , and Lr11 were also in the early wheat leaf rust differential sets that were used in the United States and Canada from the 1930s to the 1960s (3, 5, 6) . Sets of differential lines grown during June through September received no supplemental light. From October through May, natural daylight was supplemented with high-pressure sodium lamps from 0700 to 2300 h (400 to 450 µE m -2 s -1 at bench level). After 10 to 12 days, infection types (IT) were recorded as either high (IT 3 to 4) or low (IT 0 to 2 + ) as in previous surveys (15) . A five-letter code describes the low or high infection types of each isolate to the 20 differential lines (14) . Each letter corresponds to the infection types of four differentials. The Thatcher lines with genes Lr1, Lr2a, Lr2c, and Lr3a were the four lines in the first set of differentials; lines with genes Lr9, Lr16, Lr24, and Lr26 were the second set of differentials; lines with genes Lr3ka, Lr11, Lr17a, and Lr30 were the third set of differentials; and lines with genes LrB, Lr10, Lr14a, and Lr18 were the fourth set of differentials; lines with genes Lr21, Lr28, Lr41, and Lr42 were the fifth set of differentials. Sets 1 to 3 are the same as described by Long and Kolmer (14) . The same first four sets of differentials have been used in P. triticina surveys in Canada (11) . The fifth set of differentials was added for the first time in 2004 (13). Phenotype and virulence frequencies were determined for collections from eight agroecological geographic areas as shown and described in Figure 1 .
RESULTS
Onset and spread of leaf rust. In the Great Plains, wheat leaf rust uredinia were first found in central Texas in late January. Temperature and moisture conditions in January and February allowed for development and spread of leaf rust throughout Texas. By mid-March, leaf rust was widespread in wheat fields throughout Texas. By mid-April, leaf rust was found in the hard red winter wheat region from Texas to Nebraska. In late April, cool temperatures slowed development of the leaf rust epidemic in Kansas and Nebraska. In late May, leaf rust was found in fields in northern Kansas. In the first week of June, leaf rust was found on winter wheat in southern Minnesota and in eastern South Dakota. In mid-June, leaf rust was found in winter wheat fields from southern Nebraska to North Dakota. Leaf rust was first found in spring wheat in Minnesota and South Dakota and North Dakota in mid-June. By mid-July, leaf rust was widespread in fields of spring wheat throughout South Dakota, North Dakota, and Minnesota.
In the southeastern United States, wheat leaf rust uredinia were first observed in late January in central Louisiana. By midFebruary, leaf rust was severe in wheat fields throughout Louisiana. By midMarch, leaf rust was widespread in southwestern Arkansas. In early April, leaf rust was present in the southern soft red winter wheat region from central Louisiana through Alabama and Georgia. By midMay, leaf rust was severe on susceptible wheat cultivars throughout the Gulf Coast region. In late April, leaf rust was present in North Carolina and Virginia. Leaf rust was present in fields from southern Illinois to northwestern Ohio in the northern soft red wheat region in early June. Leaf rust was found from Virginia to New York by mid-June. A complete summary of the 2005 leaf rust epidemic in the United States and losses due to leaf rust can be found at the USDA-ARS Cereal Disease Laboratory website.
Distribution of virulence phenotypes. A total of 72 virulence phenotypes of P. triticina were found in the United States from the 797 single uredinial isolates that were tested for virulence on the Thatcher lines (Table 1) . Phenotypes TDBGH (10.4%), MCDSB (8.5%), and MFPSC (8.2%) were the three most common phenotypes in the United States in 2005. Agroecological areas for Puccinia triticina in the United States. Area 1, mainly southern-adapted soft red winter wheats; areas 2 and 3, mostly northern-adapted soft red and white winter wheat; area 4, mixed wheat types but primarily hard red winter; area 5, hard red winter wheat; area 6, mixed wheat types but primarily hard red spring and durum; area 7, spring wheats planted in late fall; area 8, mixed wheat types but primarily soft white winter. 1,3,3ka,11,17,30,B In the southeastern states (area 1), 27 virulence phenotypes were found among the 158 single uredinial isolates tested (Table 1) . Phenotypes MCRKG (19.0%), TCRKG (10.8%), and MCDSB (9.5%) were the three most common phenotypes in this area. In the northeastern states (area 2), seven phenotypes, MBDSB (8.3%), MCDSB (41.7%), MDGJH (8.3%), MFBGJ (8.3%), TCRKG (8.3%), TFBJG (8.3%), and TNRJJ (16.7%), accounted for all 24 isolates in this area. In the Ohio Valley states of area 3, 12 virulence phenotypes were found among the 27 isolates tested. Phenotypes TDBGG (14.8%), MBDSB (11.1%), and MFPSC (11.1%) were the three most common phenotypes.
In the southern Great Plains of Texas and Oklahoma (area 4), 30 virulence phenotypes were found among the 220 isolates tested (Table 1) . Phenotypes TDBGH (14.5%), TNRJK (13.6%), and MCDSB (11.4%) were the three most common phenotypes. In the central Great Plains of Kansas and Nebraska (area 5), 16 virulence phenotypes were found among the 68 isolates tested. Phenotypes TDBGH (25.0%), MCDSB (13.2%), and TDBGG (11.8%) were the three most common phenotypes in this area. Virulence phenotypes SBDBG and SBDDB were found in collections of leaf rust from T. cylindrica in areas 4 and 5. In the northern Great Plains of Minnesota, South Dakota, and North Dakota (area 6), 44 phenotypes were found among the 272 isolates that were tested. Phenotypes TJDGH (11.8%), TDBGH (11.0%), and MFPSC (9.9%) were the three most common phenotypes in this area.
In California (area 7), six virulence phenotypes, MBDSB (35.0%), MBSJB (10.0%), MCDSB (5.0%), MCDSG (10.0%), MFPSC (20.0%), and MHDSB (20.0%), accounted for all 20 isolates that were tested. In Washington State (area 8), four virulence phenotypes, MBBJG (25.0%), MBDSB (12.5%), MBJJG (50.0%), and MCDSG (12.5%), accounted for all eight isolates that were tested.
Virulence frequencies. Frequencies of virulence to Lr genes differed among the regional populations of P. triticina in the United States (Table 2 ). Virulences to genes Lr1, Lr3, and Lr10 were at over 90% in all areas. Virulence to Lr21 was not found in any region. Virulence to genes Lr2a and Lr2c was present in all regions except for areas 7 and 8, and was at the highest frequency in area 6 at 80.1%. Virulence to gene Lr16 was not present in areas 2 and 8, occurred at low frequencies in areas 1, 3, 4, and 5, and was most common in area 6 at 43.0%. Virulence to Lr24 was not found in area 8, and occurred at intermediate frequencies in the other areas with the highest frequency of 68.0% in area 6. Virulence to Lr26 was found in all areas at intermediate frequencies with the highest frequency of 66.7% in area 2. Virulence to gene Lr3ka was not found in area 8, and was at intermediate frequencies in the other areas with the highest frequency of 60.1% in area 1. Virulence to gene Lr11 was at low to intermediate frequencies in all areas with the highest frequency of 64.6% in area 1. Virulence to Lr17 was present in all areas, and was at the highest frequency in area 7 at 100%. Virulence to Lr30 was not found in area 8, and was at intermediate frequencies in the other areas with the highest frequency in area 1 at 57.6%. Virulence to gene LrB occurred in all areas with the highest frequency of 90.0% in area 7. Virulence to Lr14a was found in all areas with the highest frequency of 100% in area 7. Virulence to Lr18 was not found in areas 7 and 8, was at low frequencies in areas 2, 3, 4, 5, and 6, and was at 44.9% in area 1. Virulence to Lr28 was at intermediate frequencies in all regions, with the highest frequency of 87.5% in area 8. Virulence to Lr41 was not found in areas 2, 7, and 8, and was at low to intermediate frequency in the other regions with the highest frequency of 21.4% in area 5. Virulence to Lr42 was not found in area 8, and was at intermediate frequency in the other regions with the highest frequency of 55.5% in area 6.
DISCUSSION
In 2005, phenotypes TDBGH with virulence to Lr24 and MFPSC with virulence to Lr24, Lr26, and Lr17a were among the three most common leaf rust phenotypes in the United States. TDBGH occurred mostly in the hard red winter wheat areas 4 and 5, and also in the hard red spring wheat area 6. MFPSC occurred in areas 3, 4, 5, 6, and 7. Both phenotypes have in- (12) . The selective effect of the leaf rust resistance genes present in the different classes of wheat are also reflected in the most common P. triticina virulence phenotypes in each area. In area 1, where soft red winter wheat is grown, the most common phenotype was MCRKG, which has virulence to genes Lr11, Lr18, and Lr26. These genes are common in the soft red winter wheat cultivars in this area (12) . MCRKG was also the most common phenotype in this area in 2004. Phenotype TCRKG is also virulent to genes Lr11, Lr18, and Lr26. Phenotypes with virulence to Lr3ka, Lr11, Lr30, and Lr18 were most common in area 1. In area 4, of the two most common phenotypes, TDBGH is virulent to Lr24, and TNRJK is virulent to Lr9, Lr24, and Lr41. The hard red winter wheat cultivars Thunderbolt and Overley, and cultivars derived from these wheats, may have Lr41. Phenotypes with virulence to Lr9 and Lr41 were most common in area 4. Phenotype TDBGH was common in areas 4, 5, and 6, being wind dispersed throughout the Great Plains region. Phenotype MCDSB was common in areas 4 and 5, due to virulence to Lr17a, which is present in 'Jagger' and other cultivars in these areas. In area 6, the most common phenotype, TJDGH, had virulence to Lr2a and Lr16. Both of these genes are common in the hard red spring wheat grown in this region (19) . MHDSB, with virulence to Lr16, was also common in area 6. Phenotype MFPSC, also common in area 6, likely originated in areas 4 and 5, and was wind dispersed into area 6. Phenotypes with virulence to Lr2a, Lr2c, Lr16, Lr24, and Lr42 were most common in area 6.
Phenotypes SBDBG and SBDDG were collected from goat grass in Texas, Oklahoma, and Kansas. These phenotypes are unique in that they are avirulent to Lr3. Currently, these phenotypes are rarely found on common wheat, although these were among the most common leaf rust phenotypes on wheat in the United States and Canada in the 1930s (5, 6, 9) . These phenotypes rapidly decreased in frequency with the release of winter cultivars with Lr3 in the 1940s (9) .
Since 2004, there has been a large shift in P. triticina virulence phenotypes in the United States. Of the most common regional phenotypes in 2005, only MCRKG, MCDSB, TNRJK, and MHDSB were also common at a regional level in 2004 (13) . Phenotypes such as TDBGH, TDBGG, and TJDGH, with virulence to Lr24 and avirulence to Lr14a, have rapidly increased in frequency in areas 3, 4, 5, and 6. These phenotypes are also unique since they are virulent to Lr1, but produce a low mesothetic IT to a second gene(s) that is also present in the Thatcher line with Lr1 (13) . Since Lr24 is present in a number of hard red wheat cultivars and breeding lines, it is likely that phenotypes with virulence to Lr24 will persist in the P. triticina population for at least the immediate future. Overall, phenotypes with virulences to genes Lr16, Lr24, Lr3ka, Lr30, Lr28, and Lr42 have markedly increased in frequency since 2004 (13) . This is mostly due to selection of phenotypes with virulence to Lr24 and Lr16. Phenotypes avirulent to Lr14a have decreased in frequency since 2004.
Genes Lr2a, Lr9, Lr10, Lr11, Lr14a, Lr16, Lr17, Lr24, Lr26, and Lr41 are present in the winter and spring wheat cultivars grown in the United States. Virulence to all of these individual genes in the P. triticina population is at intermediate to high frequencies. None of these genes by themselves would condition a high level of resistance. Certain combinations of seedling genes may condition high levels of resistance in widely grown wheat cultivars for a few years. However, given the diversity of leaf rust virulence phenotypes and the selective effects of resistance genes, it would be expected that virulent phenotypes in the P. triticina population would soon increase to damaging levels.
The P. triticina population in the United States is highly diverse, with many virulence phenotypes present. The widespread cultivation of wheat cultivars with seedling resistance genes has inevitably lead to the selection and increase of phenotypes with virulence to the resistance genes. A large population of P. triticina survives the winter on susceptible winter wheats in the southern United States, thus creating a large reservoir for virulence mutations and subsequent selection by cultivars with seedling resistance Lr genes. Greater use of germplasm with nonspecific adult plant resistance genes Lr34 and Lr46 (24) in the winter wheats grown in the United States would increase the overall frequency of cultivars with effective resistance, and also help reduce the size of the overwintering P. triticina population. In a recent survey of current and historical winter wheats, none of the soft red winter wheats and very few of the hard red winter wheats had the marker allele associated with the adult plant resistance gene Lr34 when tested with a diagnostic PCR marker (J. A. Kolmer, unpublished data). By making crosses with germplasm that carry Lr34 and Lr46, and selecting based on markers and rust phenotypes, it should be possible to improve leaf rust resistance in the winter wheats.
